particulate membrane preparations from cells starved for inositol. This loss of activity was observed under a variety of in vitro assay conditions and could be restored by the addition of phosphatidylinositol but not by other phosphoinositolcontaining sphingolipids known to occur in yeast. When assayed in the presence of high concentrations of Triton X-100, enzyme preparations from both control and inositol-starved cells required phosphatidylinositol for maximal activity. Since this enzyme catalyzed an early step in the synthesis of mannan that is Nlinked to protein, a reasonable hypothesis is that inhibition of mannan synthesis in inositol-starved cells results from the depletion of the necessary cofactor phosphatidylinositol.
When inositol-requiring strains of yeast and other fungi are starved for this compound, they undergo drastic metabolic changes which result in a loss of viability; this phenomenon is known as inositolless death (3-6, 10, 11, 13, 15, 18, 21, 27, 28, 31, 33, [35] [36] [37] [38] [39] 43) .
In Saccharomyces cerevisiae 90% of the cellular inositol is found as a component of various phospholipids (1) . These phospholipids comprise more than one-third of the total phospholipid (40) . The inositol-containing phospholipids of S. cerevisiae can be divided into two broad classes: the glycerophospholipids and the phosphosphingolipids. The principal glycerophospholipid is phosphatidylinositol, with lesser amounts of two phosphorylated derivatives, diphosphoinositide and triphosphoinositide (41, 44) . The two major phosphosphingolipids are mannosyldi(inositolphosphoryl)ceramide and inositolphosphorylceramide (40) .
After the beginning of inositol starvation, phosphatidylinositol no longer accumulates and begins to disappear within 2 h by being further metabolized to glycerophosphoinositol and to inositol-containing sphingolipids; at the same time, CDP-diglyceride and phosphatidic acid, precursors to phosphatidylinositol, accumulate at high levels (3) .
Studies in the 1950s and 1960s with inositolrequiring strains of S. carlsbergensis and S. cerevisiae indicated that inositol starvation in yeast also caused changes in the levels of the two principal cell wall glycans mannan and glucan (5, 6, 11, 13, 15, 27, 33, 35, 36, 39, 43) . It was not apparent whether inositol or some complex form, e.g., phosphatidylinositol, played a direct role in cell wall metabolism and whether the observed cell wall changes were early or late events caused by inositol starvation. Not only were some of the inositol-requiring strains leaky in the block in inositol synthesis (13, 27, 39) , but also many of the measurements of cell wall changes were done in old cultures, i.e., 120 h, where many quite indirect effects of the inositol starvation could be expressed (6, 33, 39, 43) .
Recently, we have found that synthesis of phosphatidylinositol, mannan, and glucan declines rapidly when an inositol-requiring mutant is starved for inositol (14). Instead of following the accumulation of products as done by other workers, the rate of incorporation of labeled precursors was measured. Upon withdrawal of inositol, the rate of incorporation of 32P, into phosphatidylinositol immediately dropped by 80%; however, synthesis of the other major phospholipids continued for 2 to 3 h at control rates. Similar results for phospholipids were reported by Henry et al. (18) . The incorporation the initial rate by 80 min for mannan and by 140 min for glucan (14) . These results in the mutant are the earliest observed effects of inositol starvation and preceded inhibition of protein and nucleic acid syntheses.
The above data also suggest that phosphatidylinositol is required for the synthesis of yeast glycans. In an attempt to determine the specific mechanism, we decided to assay in vitro several enzymes involved in the biosynthesis of mannan to determine whether inositol starvation resulted in a loss in activity and whether the activity could be modified by the addition of inositolcontaining lipids. Since mannan was the polymer most strikingly affected by inositol starvation, we focused on in vitro activities of two types of mannan biosynthetic enzymes. The mannosyltransferases, which are sometimes collectively known as mannan synthetase, are a particulate system of enzymes which complete the synthesis of mannan oligosaccharide chains whose synthesis has been initiated (2, 7, 25) . UDP-N-acetylglucosamine:dolichol phosphate N-acetylglucosamine-1-phosphate transferase (GlcNAc-1-P transferase) is a membrane-bound enzyme which catalyzes the first step in Nlinked mannan synthesis: the formation of Nacetylglucosaminylpyrophosphoryldolichol (dol-P2-GlcNAc) from dolichol phosphate and UDP-N-acetylglucosamine (UDP-GlcNAc) (12, 46) .
MATERIALS AND METHODS
Growth of yeast and inositol starvation. S. cerevisiae strain MC6A, inol-13 ino4-8a, a double mutant completely blocked in inositol biosynthesis (8, 9, 19) , was used throughout. The synthetic culture medium was the minimal medium previously described (14), with lysine, valine, and adenine omitted.
Inositol starvation was achieved in the following manner. Yeast cells were grown at 30°C in medium with inositol (277 ,uM) to about the mid-logarithmic phase of growth. The cells were rapidly filtered and washed with medium without inositol. The washed cells were suspended in media with (277 ,uM) and without inositol at an absorbance (650 nm) of about 2.0. Incubation was continued with shaking at 300C for 3 h unless otherwise indicated. The time of cell transfer is considered to be the beginning of inositol starvation.
Chemicals. Dolichylmonophosphate, L-a-phosphatidylcholine (bovine liver), L-a-phosphatidylethanolamine (soybean), L-a-phosphatidylinositol (soybean), guanosine-5'-diphospho-D-mannose (GDP-mannose), uridine-5'-diphospho-N-acetylglucosamine, and adenosine 5'-monophosphoric acid were (40) .
GIcNAc-l-P transferase assays. (i) Particulate enzyme preparation. Inositol-starved and control cells were harvested by rapid filtration and suspended in 0.1 M sodium N-2-hydroxylethyl piperazine-N'-2-ethanesulfonate (HEPES) (pH 7.4)-20%o glycerol-0.1 mM sodium EDTA-1 mM dithiothreitol. Cells were broken by shaking with glass beads in a Braun shaker for 10 x 15-s periods (7). The cell homogenate was centrifuged at 600 x g for 5 min to remove whole cells and debris and at 43,000 x g for 30 min to sediment the membranes. The 43,000 x g pellet was washed twice by suspension in the extraction buffer and centrifugation at 43,000 x g for 30 min. The final pellet, suspended at 30 mg/ml in extraction buffer and stored at -70°C, was used as an enzyme source for the GlcNAc-1-P transferase.
(li) GIcNAc-l-P transferase assay. GlcNAc-1-P transferase was assayed by measuring incorporation of GlcNAc-1-P from UDP[6-3H]GlcNAc into dolichollinked oligosaccharides by a particulate membrane preparation containing the transferase and exogenously added dolichol phosphate (26, 32, 34, 45) .
The standard reaction mixture contained the following components in a final volume of 60 g±l: NAc, by chromatography of the lipid extracts on Whatman 3MM paper with water. The lipids remained at the origin while the water-soluble compounds chromatographed with the solvent front; however, some radioactivity (equivalent to 10 pmol/mg of protein) persisted at the origin at zero time (enzyme added after chloroform-methanol) and this was subtracted. We found that 80% of the lipid synthesized was dol-P2-GlcNAc, with the remainder being chitobiosyl-pyrophosphoryldolichol [dolichol-P2(GIcNAc)2], as judged by chromatography on EDTA-dipped SG81 paper developed with CHCl3-CH30H-water (60:25:4) (45). Under these conditions the product formed was proportional to enzyme protein from 0 to 60 Lg and proportional to incubation time up to 6 min. beads in a Braun shaker for 10 x 15-s periods (7). The cell homogenate was centrifuged at 3,000 x g for 10 min to remove whole cells and debris and at 40,000 x g for 40 min to sediment the membranes. The pellet from the high-speed centrifugation was resuspended in the extraction buffer. The final 40,000 x g pellet was used in all subsequent experiments as an enzyme source for the mannosyltransferases.
(ii) Assay. The mannosyltransferases were assayed in the 40,000 x g pellet by measuring the incorporation of mannose from GDP[(4C]mannose into mannan precipitated by Fehling's solution according to the procedures of Cortat et al. (7) . The reaction mixture contained the following components in a final volume of 50 P,: GDP[U4C]mannose, 20,000 cpm, 0.1 ,umol; MnC12, 0.15 ,umol; imidazole-CI, pH 6.5, 1.25 ,umol; and membrane protein, 300 F±g. The mixtures were incubated at 30°C for 15 (Fig. 1) or 60 (Fig. 2) min. After incubation the reactions were terminated by adding an equal volume of 2 M NaOH solution of carrier mannan (65 mg/ml) prepared from yeast cell walls. The mannan was precipitated from solution by adding 0.25 ml of Fehling's solution (42) . The precipitated mannan was analyzed for 14C radioactivity incorporated from GDP[14C]mannose. In certain cases the structure of the products was analyzed by acetolysis of the a-1,6-mannose linkages according to the procedure of Kocourek and Ballou (24) , and the resulting acetylated products were resolved by high-performance liquid chromatography (49) as described in the legend to Fig. 2 .
RESULTS
Mannosyltransferases. Of the two cell wall polymers studied by Hanson and Lester (14), mannan synthesis was the most affected by inositol starvation. As a result, we decided to The mannosyltransferase activities in the membranes from starved cells exhibited an increased Vma, and apparent Km as compared with the control (Fig. 1) .
The structure of the product formed by the enzymes also was analyzed. Figure 2 shows the pattern of oligosaccharides released by acetolysis of the N-linked [14C]mannose-labeled mannan product isolated according to the procedure of Nakajima and Ballou (29, 30) . The peracetylated oligosaccharides were resolved by highpressure liquid chromatography on a reversephase column which separates primarily on the basis of the number of sugars in the polysaccharide (49). The distribution of [14C]mannose from [14C]GDP-mannose in the manno-oligosaccharides isolated from membrane preparations from both inositol-starved and control cells was very similar.
All of these data suggest that the mannosyltransferases were still functional in the inositolstarved cells.
Optimum reaction conditions for GlcNAc-l-P transferase. The standard reaction conditions I / uM UDP-GIcNAc described in Materials and Methods for assaying GIcNAc-1-P transferase were optimized for buffer, pH (Table 1) , concentration of substrates ( Fig. 3 and 4) , Mn2+ (Fig. 5) , and Triton X-100 (Fig. 6) . Other detergents tested, Lubrol WX, deoxycholate, and Nonidet P-40, offered no advantage over Triton X-100. The conditions adopted differed from those used by others (27, 32, 34, 45) ; their conditions were less than optimal. For example, Tris-chloride buffer between pH 7 and 8 and at concentrations of 0.035 to 0.05 M was used to assay the transferase from yeast and animal sources (27, 32, 34, 45 (Fig. 4 ; Table 1 ).
The products of the transferase reaction when assayed under standard conditions proved to be 80 to 90% dol-P2-GlcNAc, with most of the remainder being dol-P2-(GlcNAc)2. Identification of dol-P2GlcNAc was based on comparison of its migration rate with the authentic substance on silica gel-impregnated paper and on the fact that the water-soluble product released with mild acid treatment (0.02 N HCI, 100°C, 20 min) chromatographs on paper (n-butanol-pyridinewater, 6:4:3) with N-acetylglucosamine released from authentic dol-P2-GlcNAc (45) . The formation of product was inhibited about 80% by tunicamycin (7 pLg/ml) (27) .
Loss of GkcNAc-1-P transferase activity from starved cells. Enzyme preparations assayed under the standard conditions declined in activity with time of inositol starvation (Fig. 7) . For convenience, 3 h was chosen as the starvation time for all subsequent experiments. Under standard assay conditions the activity was about 30% of the controls.
To verify this loss of activity, with such a complex assay mixture, it was necessary to compare the activity of enzyme preparations under a variety of conditions, such as concentration of substrates ( Fig. 3 and 4) , Mn2+ (Fig. 5) , and Triton X-100 (Fig. 6) . Under virtually all conditions the preparation from starved cells exhibited lower activity than the controls. At zero or high (0.75%) Triton X-100 concentrations, the activities were low and not very different in the starved and control preparations (Fig. 6) .
Phosphatidylinositol (0.57 mM) stimulated the transferase from inositol-starved cells to a greater extent than the enzyme from control cells, with the result that the activities became nearly identical. In the presence of phosphatidylinositol, activity remained high from 0.08 to 0.75% Triton X-100, whereas in the absence of this lipid, this detergent inhibited activity in this concentration range (Fig. 6) . At 0.75% Triton X-100, stimulation with phosphatidylinositol was linear up to a concentration of 0.57 mM, beyond which activity leveled off; at intermediate concentrations of phosphatidylinositol no qualitatively different effects were observed. Although not measured directly, based on prior studies (3, 48) , we can calculate the final concentration of phosphatidylinositol in the reaction mixture before supplementation to be about 0.06 mM.
Reciprocal plots of UDP-GlcNAc concentration versus activity under otherwise standard conditions showed that inositol-starved membranes had a Vmax that was 30o of the control (Fig. 4) . The biphasic nature of these plots yielded two apparent Km values of about 10 and 50 ,uM for both starved and control preparations (Fig. 4) . These data suggest that the qualitative characteristics of the enzyme from control and starved cells are not different but only that less enzyme can be assayed in the starved preparations under standard conditions.
When the activity of the enzyme was assayed as a function of UDP-GlcNAc concentration in the presence of phosphatidylinositol and higher Triton X-100 concentrations (0.75%) (Fig. 8) , the reciprocal plots for transferases from control and starved cells were identical, linear and nonbiphasic. These results confirm that phosphatidylinositol is able to restore the in vitro activity of the transferase from inositol-starved cells to control levels.
Lipid specificity in activation of GIcNAc-l-P transferase. It was of interest to see whether any phospholipids known to occur in yeast, other than phosphatidylinositol, could stimulate the activity of GlcNAc-1-P transferase. These lipids were tested at a concentration of 0.57 mM in the presence of 0.06 or 0.75% Triton X-100. Phosphatidylinositol stimulated GlcNAc-1-P transferase activity ( Fig. 6 ; Table 2 ), with the magnitude of the stimulation increasing with Triton X-100 concentration. At 0.06% Triton X-100, all other lipids tested inhibited activity (Table 2 ). At 0.75% Triton X-100, where activity in the absence of added lipid is lower (Fig. 6 ), in addition to phosphatidylinositol, stimulation was observed only with phosphatidylglycerol and phosphatidylethanolamine. Sphingolipids containing one or two phosphoinositol moieties exhibited no significant stimulation. Thus, the specificity is fairly narrow.
DISCUSSION
The most direct interpretation of the data is that phosphatidylinositol acts in the synthesis of cell wall mannans in yeast as a required cofactor for the activity of GlcNAc-1-P transferase, a membrane-bound enzyme which initiates Nlinked mannan synthesis. Several lines of evidence support this possibility. Phosphatidylinositol, a glycerophospholipid, restored activity to the partially inactive transferase isolated from inositol-starved cells when assayed in vitro ( Fig.  6 ; Table 2 ).
Phosphatidylglycerol also stimulated activity; however, in yeast, this lipid is one or two orders of magnitude less abundant than phosphatidylinositol (20, 47) . It is noteworthy that none of the phosphoinositol-containing sphingolipids which collectively account for almost half of the lipidbound inositol in yeast (40) stimulated the transferase (Table 2) . Thus, the requirement appears to be for a compound whose lipid portion is glycerol esterified with two fatty acids as in phosphatidylinositol rather than a fatty acid am- a GlcNAc-1-P transferase was assayed under standard conditions as described in the text.
b Enzyme preparation.
ide linked to a long-chain base such as inositolphosphorylceramide. During the course of inositol starvation, phosphatidylinositol is both relatively and absolutely depleted resulting from cessation of synthesis, catabolism to glycerophosphoinositols, and its participation as a substrate in the synthesis of inositol-containing sphingolipids (3, 14) . After 3 h of inositol starvation, its contribution to the total membrane phospholipid falls to about half the control (14), and this corresponds to about a 70%6 loss of GlcNAc-1-P transferase as measured in vitro. Mannan synthesis, measured in vivo by pulse-labeling with labeled glucose, is more severely inhibited, falling to 90% of the control after 3 h of inositol starvation (14). We do not know whether this reflects another ratelimiting step in mannan synthesis or that the in vitro measurement of GlcNAc-1-P transferase does not accurately reflect the in vivo situation.
The biphasic kinetics observed for the GlcNAc-1-P transferase at 0.06% Triton X-100 (Fig. 4) can probably be ascribed to two environments of the enzyme which may or may not reflect the in vivo reality; for example, this could reflect heterogeneous sidedness of the enzymes created during formation of membrane vesicles or a partial solubilization of the enzyme in the standard assay medium. In any case the biphasic kinetics are abolished when assayed in the presence of 0.75% Triton X-100 (Fig. 8) , under which conditions there is no evidence for multiple forms of the enzyme. These data suggest that the lowered enzyme activity in the starved cells is not due to a structural change in the enzyme.
The requirement for acidic phospholipids in the assay of the transferase was demonstrated by Plouhar and Bretthauer (32) with a rat lung preparation; thus, this requirement may turn out to be a general finding. The manner in which the lipid acts is unclear and may have to await further purification of the enzyme. Some of the difficulties encountered in the purification of the enzyme from animal tissues (16, 17, 22, 23) may be overcome by the recognition of this requirement upon solubilization with detergent.
In Neurospora crassa Matile (28) has suggested that inositoliess death is a consequence of the liberation of proteases from vesicles whose membranes become deficient in inositol lipid. As indicated above, we cannot exclude interference with other steps in wall synthesis and assembly. It should be noted that the Neurospora observations were made after an extended time of inositol starvation with extensive loss of viability (28) , whereas in Saccharomyces, we have observed a considerable decrease in glycan synthesis prior to loss of viability (14). In summary, we have presented evidence which suggests that during inositol starvation the membranes become depleted in phosphatidylinositol with a concomitant decrease in GlcNAc-1-P transferase activity and overall mannan synthesis. When the transferase is assayed in vitro, phosphatidylinositol can restore the lost activity to the transferase from inositolstarved cells and stimulated the transferase from control cells.
